BACKGROUND
It is now recognised that several classes of transcription factor (TF) originated with metazoans. Whereas some metazoan TFs resemble nonmetazoan relatives, e.g. homeobox analogues, others appear to be novel. Importantly, in both cases early gene duplications gave rise to conserved TF families and provided the diversity that allowed the evolution of differentiated cells types and body patterning characteristic of higher metazoans [1] .
One family of metazoan TFs that appears to lack protozoan antecedents unites the ETS proteins, originally identified on the basis of homology to the E26 avian oncogene [2] . In an early study, Degnan and colleagues successfully used degenerate PCR primers to amplify ETS domain sequences from the genomes of several lower metazoans, but not from fungi, plants or protozoans, concluding that ETS proteins are exclusive to metazoan animals [3] .
The advent of next generation sequencing accelerated in-depth analysis of multiple genomes exemplifying extant early metazoans. All phyla depicted in the phylogram shown in figure 1a have multiple ETS genes. Sponges (Porifera) and cnidarians such as Nematostella vectensis (starlet sea anemone) consist of ecto-and endodermal cell layers whereas all other metazoans have a third, mesodermal, cell layer. In general, such triploblastic animals are either protostomes, in which the blastopore develops into a mouth, or deuterostomes, in which it develops into an anus. Primitive extant deuterostomes include the echinoderm Strongylocentrotus purpuratus (sea urchin) and hemichordate Saccoglossus kowalevskii (acorn worm). Also related to the vertebrates are the tunicates (urochordates) exemplified by Ciona intestinalis, albeit in larval form only, and cephalochordates such as Branchiostoma lanceolatum (amphioxus) [4] .
Ternary Complex Factors (TCFs) represent an idiosyncratic sub-family of ETS proteins. The first example was characterised as a companion transcription factor for Serum Response Factor (SRF) and subsequently identified as the Elk-1 gene product [5] [6] [7] . Although implicated in mitogen-dependent expression of key genes early in the cell cycle [8] , gene deletion experiments in mice failed to ascribe any fundamental role to TCFs during development, possibly reflecting a degree of redundancy among the three TCF genes, Elk-1, Elk-3 (Net) and Elk-4 (Sap1a) [9] [10] [11] [12] . In contrast, Elk-1 knockdown in Xenopus impacted on mesoderm development [13] . Identifying the origin of Elk-like genes may shed light on its ancestral role in development. In this study, we first identified antecedent Elk-1 genes in several extant early metazoans. We then used amino acid sequence alignments to compare their domain structures and biochemical studies to confirm that characteristic domains present were functionally orthologous to those of human Elk-1. Our findings link the evolutionary origin of Elk-1 to the advent of deuterostomes and its co-option as a TCF to the appearance of mesoderm.
RESULTS

Putative Elk orthologues among early metazoan ETS proteins
The degree of early ETS gene expansion is illustrated in Table 1 The distance relationships between these putative Elk proteins and several vertebrate Elks are indicated in figure 1b. In the ETS domain alignment shown in figure 1c, secondary structure elements are indicated and identical residues in the loops connecting helices and strands of the αββααββ fold are highlighted to indicate the extensive conservation.
ETS domain amino acid conservation strongly reflects ETS domain structure and primary function. Regardless of its position within the protein, the winged helix-turn-helix domain retains its characteristic 3D form and recognises a core purine-rich DNA sequence (C/AGGA) [14] . Thus other features of ETS proteins, for example the pointed domain [15] ETS domain binding to E74 and c-fos SRE sites A full-length cDNA for Sk-Elk, a 384aa protein, was synthesised, cloned and used to express recombinant proteins. Analogous Hs-Elk-1 proteins were produced in parallel. All proteins were purified by means of histidine tags using immobilised metal affinity chromatography (IMAC). Because the Cterminal domain of Elk-1 can have a negative impact on DNA binding we first generated recombinant Elk proteins truncated C-terminally to the B-box (SkElk-AB and Hs-Elk-AB; figure 2a and b) and used them to assay for DNA binding to well-characterised Elk-1 binding sites.
Neither Sk-Elk-AB nor Hs-Elk-AB bound to a control DNA duplex lacking a consensus ETS binding site (figure 2c, lanes 3 and 4) whereas both proteins bound to a DNA duplex encoding the high-affinity E74 ETS binding site ( figure  2c, lanes 7 and 8) , a site to which Hs-Elk-1 is known to bind directly [18] . The lack of any binding activity associated with a control protein expressed in the same bacterial strain and purified by IMAC (figure 2c, lane 6) indicates that the complex formed by Sk-Elk-AB is specific. Thus the ETS domains of Sk-Elk and HsElk-1 both bind to the E74 motif.
Early deuterostome Elks are not TCFs
Mammalian Elks interact with SRF through a short region (B-box) that forms a β-strand flanked by short α10 helices and contacts the DNA-binding core of SRF (core SRF ) [19] . Alanine scanning mutagenesis identified five key residues within the B-box, including two tyrosine residues [20] . Comparison of sequences C-terminal to each ETS domain revealed a high degree of B-box conservation among vertebrates but significantly less in tunicate, echinoderm, hemichordate and early vertebrate representatives (figure 2d). As the SRF core is 95.6% conserved between acorn worm and mammals and the region recognised by the Elk-1 B-box is 100% conserved (figure 2e) these sequences suggest the absence of a SRF interaction domain in Elk-like ETS proteins of primitive deuterostomes.
To assay for ternary complex formation the same truncated proteins used to assess E74 binding were incubated with the c-fos SRE either alone or in the presence of recombinant core SRF . Neither protein, nor the non-specific control, bound to the SRE directly (lanes [10] [11] [12] [21] , contains an IHFW motif (blue), two ERK phosphorylation sites (green) and an FxFP (DEF) docking motif (red) [22] . Additional ERK consensus sites are present flanking the core TAD, which are also phosphorylated in mitogen-stimulated cells [23] . This arrangement is wholly conserved in vertebrates and echinoderms and largely conserved in putative Elks from the tunicate Ciona and the hemichordate acorn worm. In the Ciona ETS protein most closely related to Hs-Elk-1, instead of 15 residues separating the IHFW and FxFP motifs there are 47, with a single intervening ERK consensus site. In the acorn worm, the IHFW motif is imperfect (FPFW) but the spacing to the FxFP motif and the two intervening ERK consensus sites are well conserved. However, there are two additional FxFP motifs, one overlapping the imperfect IHFW motif, such that three direct repeats, each consisting of FxFP motif and two ERK consensus sites, are apparent (figure 3b).
Several observations suggest that the core TAD defines the first ancestral Elk, i.e. in which ERK signalling regulates an ETS protein. Firstly, sequences resembling the most highly conserved core motif (IHFWSTLSP, see figure 3a) are present in fungi, in which MAPK cascades exist, but also in bacteria, in which they do not (Table 2) . Moreover, fungal proteins bearing such motifs do not appear to be MAPK substrates. This implies that Elks did not originate by recombination-based convergence between an ETS domain and an existing ERK substrate. Instead an ERK docking motif with adjacent phosphorylation sites (dock-phos cassette) appears to have evolved in a single ETS gene, undergone duplication in the hemichordate lineage, or optimisation as a core TAD as reflected in echinoderms and vertebrates (figure 3b).
Phosphorylation of Elk-1 by ERK and other MAPKs is aided by a second docking motif, the D-box, consisting of basic and non-polar elements [24] . Although not essential for the phosphorylation of key serines in Elk-1, the D-box contributes to the binding of ERK to Elk-1 and may participate in Elk-1 recruitment of ERK to chromatin [25, 26] . The degree of conservation, especially of several key residues within the basic patch and LxL motif (figure 3c) in all four lineages suggests that it could contribute to ERK phosphorylation of primitive deuterostome Elk proteins.
Early deuterostome Elks are good targets for ERK phosphorylation
To determine if Sk-Elk serves as an ERK substrate, we compared Sk-Elk with Hs-Elk-1 in an in vitro kinase assay. Initial attempts to prepare full-length SkElk from bacteria were unsuccessful because the protein was rapidly cleaved by endogenous proteases. To circumvent this problem, we used baculoviral vectors to express Hs-Elk-1 and Sk-Elk proteins in insect cells. Purified Sk-Elk migrated at 45kDa in SDS-PAGE, significantly faster than human Elk-1 (figure 4a), but ES-MS/MS indicated that both purified proteins were intact (Table 3) .
Recombinant, active ERK2 phosphorylated both proteins efficiently. At initial time points Sk-Elk phosphorylation compared well with phosphorylation of Hs-Elk-1 (figure 4b, compare upper and lower panels; figure  4c ). This implies that Sk-Elk possesses functional ERK docking motifs. However, after 20 minutes, phosphate incorporation began to plateau and it was apparent that more phosphate was incorporated into Hs-Elk-1 (after 30 min average Hs/Sk ratio = 1.25). This difference could reflect fewer good consensus ERK phosphorylation sites in Sk-Elk or a conformational flexibility less amenable to multiple phosphorylation events.
Although we cannot yet distinguish between these possibilities, the result nonetheless indicates that SkElk is likely to be a bona fide ERK substrate.
As ERK phosphorylation influences Elk-1 DNA binding, we compared DNA binding of unphosphorylated and ERKphosphorylated proteins. Neither protein bound to control DNA, regardless of phosphorylation status (figure 4d, lanes 2-5). In line with an earlier report [18] 
Early deuterostome Elks have Rasresponsive TADs
To see if Sk-Elk harboured a mitogen-responsive TAD, the Sk-Elk dock-phos cassette trimer (aas 288-384) was expressed as a GAL4 fusion in mammalian cells and tested for its ability to drive UAS-luciferase expression in response to mitogen signalling. Expression of active Ras caused a >40x increase in reporter activity by GAL4-SKE288 (figure 5a). In comparison, the analogous region of Elk-1 was significantly more active in the absence or presence of active Ras. Relative phosphorylation levels (figure 4b, c) may contribute to this disparity but it more likely reflects the high level of GAL4-Elk336 fusion expression (figure 5a, lower panel).
Mammalian Elk-1 proteins depend on MED23, a subunit of the Mediator coactivator complex, for transcriptional activation of target genes [27] and the acorn worm genome carries a MED23 orthologue encoding a protein with 68.4% identity to murine MED23. We therefore assessed the potency of the SkElk trans-activation domain in MED23+/+ and MED23-/-murine embryonic fibroblasts (MEFs). Whereas the Hs-Elk-1 TAD was active only in mitogenstimulated MED23+/+ MEFs (figure 5b), the Sk-Elk TAD functioned equally well in both MED23+/+ and MED23-/-MEFs (figure 5c). We conclude that transcriptional activation by Sk-Elk does not depend on MED23 in murine cells, although it remains possible that Sk-Elk requires Sk-MED23 in acorn worm cells.
DISCUSSION
Although Elk-1 is the paradigmatic ERKresponsive transcription factor originally shown, in conjunction with SRF, to confer mitogen responsiveness on genes with SREs in their promoters (reviewed in [29, 30] ). It is now known that Elk-1 recruits ERK to these gene promoters, where it phosphorylates MED14, a core subunit of the Mediator co-activator complex as part of the transcriptional activation process [26, 31] . In line with these mechanistic revelations, ChIP-seq data identified genes co-occupied by ERK and Elk-1 in human embryonic stem cells (hESCs) as being involved in metabolism and cell cycle progression [32] .
Our
and hemichordates to mammals and were equipped to direct mitogen (FGF) signals to ETS target genes.
Invertebrate deuterostomes also have genes for SRF and MED23. Nonetheless Elk proteins from these species lack a B-box and dependence on MED23. In murine cells these features have been related to the repression of ventral mesoderm (smooth muscle). The B-box contributes to vascular smooth muscle (VSM) repression by enabling Elk-1 to compete with Myocardin-Related Transcription Factors (MRTFs) [33] . This antagonism also appears to depend on MED23, an essential co-factor for Elk-1, because MED23-/-MEFs have qualities resembling VSM cells [27] . The dependence of mammalian Elk-1 on MED23 is not shared by Elk-3 because the Elk-3 TAD functions in MED23-/-MEFs [34] . Together with sequence analysis, these data suggest that Elk-3, not Elk-1, represents the founding member of the vertebrate Elk family.
The absence of a B-box from the Elk-like protein of amphioxus and other non-chordate deuterostomes suggests that this domain evolved within the putative Elk ancestor prior to the whole genome amplifications in the basal vertebrate lineage and expansion of the Elk family (figure 6) [1] . The plasticity of Elk family members may relate to the role of the ancestral Elk-1 as a transcriptional activator of genes in response to ERK signalling. ERK acquired novel roles as the complexities associated with vertebrate development evolved. The parallel evolution of structural complexity in Elk-1 would have facilitated the integration of nuclear ERK signalling with that of other developmental pathways to coordinate the differentiation and expansion of diverse tissues during vertebrate development.
ERK signalling in response to FGF is required to maintain pluripotency in hESCs and for the induction of mesendoderm [35, 36] . Mirroring the changes seen upon loss of ERK signalling, Elk-1 depletion in hESCs induced loss of pluripotency, up-regulation of differentiation genes and adoption of a fibroblast-like morphology [32] . Our findings indicate that the requisite upregulation of pluripotency genes downstream of ERK signalling represents the ancestral role of Elk proteins, whereas Elk-1 interactions with SRF and MED23 are vertebrate innovations. The specification of ventral mesoderm, which is dependent on SRF and MRTFs, was incompatible with pluripotency and through the evolution of its B-box Elk-1 could be co-opted as repressor of SRF/MRTFs to maintain the integrity of a pluripotent stem cell population. Consistent with this notion, Elk-1 appears to require mitogens and MED23 in its role as an antagonist of MRTFs [27] .
Recent work showed that the interruption of ERK signalling during early development of axolotl embryos causes a highly selective loss of primordial germ cells (PGCs), specification of which establishes the germ line during development [37]. The findings described here are therefore consistent with a hypothesis that the ancestral role of Elk proteins is to inhibit the differentiation of pluripotent cells prior to PGC specification in early development. This idea implicates Elk-1 in a process that is fundamental to metazoan evolution, explaining the conservation of its core structure and biochemical function from simple deuterostomes to mammals. A logical prediction from a model of Elk-1 as germ line guardian and differentiation repressor would be that in vertebrates close to the evolutionary path to mammals, deletion of Elk-1 early in development would result in loss of germ line and mesoderm expansion, not unlike the outcome in Xenopus [13] .
MATERIALS AND METHODS
Genome analysis and gene identification
The draft Ambystoma mexicanum and Branchiostoma lanceolatum genomes were searched using the Basic Local Alignment Search Tool (BLAST). Searches were performed using amino acid sequences predicted on the basis of homologous Elk-1 genes from the most closely related taxon for which such a sequence was available on the publicly accessible NCBI protein database. Each identified gene was confirmed by the construction of phylogenetic trees of amino acid sequences using Elk-1 domain sequence alignments.
Gene MW 24, 689) . Sk-Elk and HsElk-1 were expressed with C-terminal histidine tags in insect Sf9 cells from fulllength cDNAs inserted into pFastBac1. Proteins were purified by immobilised metal affinity chromatography. Generation of recombinant core SRF has been described previously [23] .
Protein bands were excised from coomassie-stained gels, destained, reduced (10mM dithiothreitol), alkylated (20mM iodoacetamide) and digested with trypsin.
Extracted peptides were evaporated to dryness and submitted to LC-MS/MS on an Ultimate 3000 Nano LC system (Dionex, UK) coupled to a LTQ-FT Ultra mass spectrometer (Thermo Scientific). Spectra were acquired in positive ion mode for a 400-2000 m/z range at a nominal resolution of 100,000. Identification of peptides was conducted in data-dependent mode. The 5 most intense ions for each scan were isolated and subjected to CID using a nominal energy of 35.0. Raw data files obtained from each LC-MS/MS acquisition were processed using Bioworks software (Thermo Scientific), searching each file in turn against a custom database including Elk sequences (Homo sapiens and Saccoglossus kowalevskii).
In vitro kinase and DNA binding assays Recombinant Elk-1 proteins (0.5µg) were incubated with recombinant active Extracellular signal-Regulated Kinase (ERK)2 and 32 P-[γ]-ATP (Perkin Elmer, 3000Ci mmol -1 ) as described [26] . Reactions were resolved by SDS-PAGE. Dried gels were exposed to imaging plates (Fujifilm); images were analysed by densitometry (AIDA).
Recombinant proteins (25-50ng) were pre-incubated with radio-labelled oligo-nucleotide control, E74 or SRE probes and the complexes formed were resolved on native 5% polyacrylamide gels as described earlier [23] .
Cell culture and gene reporter assays HEK293T cells were cultured in DMEM supplemented with 10% foetal calf serum, 100U ml -1 penicillin, 100µg ml MED23+/+ and -/-MEFs were cultured in Dulbecco's MEM (Sigma D5671) supplemented with 15% FCS, 4mM Lglutamine, 100U ml -1 penicillin and 100µg ml -1 streptomycin. HEK293T cells were transfected by DNA-calcium phosphate co-precipitation; MEFs were transfected with K2 Transfection System (Biontex, Martinsried). Transfections included a (G5E4) UAS-luc3 reporter, TK-Rluc renilla control, expression vectors for GAL4 (pSG424) derivative and active (V 12 ) Ras. Sequences corresponding to Hs-Elk-1 (336-428) and Sk-Elk (288-386) TADs were inserted in frame with the GAL4 DNA-binding domain (1-147) in pSG424). All data shown derive from experiments performed at least twice independently, each with triplicate points and normalised to the Renilla control. Expression of GAL4 fusions was confirmed by immunoblotting with a mouse monoclonal antibody to the GAL4 DNA-binding domain (Santa Cruz Biotech, Dallas TX; sc-510).
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